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1.  INTRODUCTION 

Oil  well  leaks  and  spills  from  damaged  tankers  are  sources 
of  pollution  that  can  contaminate  beaches  and  destroy  marine 
life.  The  recent  leaks  In  the  Santa  Barbara  Channel  and  the 
breaking  up  of  the  Torrey  Canyon  have  led  to  Increased  emphasis 
on  the  urgent  need  to  develop  systems  to  contain  spilled  oil  and 
to  remove  It  from  the  ocean  surface.  Obviously,  It  Is  most  de¬ 
sirable  to  prevent  similar  occurrences  In  the  future.  Unfortu¬ 
nately,  experience  shows  that  even  our  best  efforts  cannot  pre¬ 
vent  the  occasional  occurrences  of  major  maritime  disasters  by 
human  error,  mechanical  failure  and  environmental  stress.  Thus, 
the  potential  for  incidents  Involving  massive  oil  spills  will 
remain  with  us  and  special  techniques  and  equipment  to  facilitate 
their  removal  from  both  coastal  and  Inland  waters  will  be  re¬ 
quired. 

Oil  naturally  tends  to  spread  rapidly  to  form  a  thin  film 
over  the  water  surface.  Environmental  conditions  of  wind,  cur¬ 
rent  and  waves  only  serve  to  augment  this  tendency.  In  order 
to  efficiently  recover  oil  from  the  water  surface  it  must  first 
be  collected  and/or  contained  in  a  small  area  with  a  relatively 
thick  film.  Many  candidate  collection  and  retention  systems 
have  been  proposed  and,  undoubtedly. many  more  will  be  invented 
in  the  near  future.  In  particular,  many  forms  of  floating  oil 
retention  booms  have  been  proposed  to  prevent  the  spread  of  oil 
slicks. 
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There  are  currently  several  oil  boom  designs  on  the  market. 
These  booms  have  been  used  successfully  to  retain  oil  and  other 
debris  in  relatively  sheltered  waters.  However,  attempts  to  use 
existing  hardware  off-shore  at  Santa  Barbara  were  severely  ham¬ 
pered  due  to  mechanical  failure  of  the  oil  booms. 

HYDRONAUTICS,  Incorporated,  under  the  sponsorship  of  the 
U.  S.  Coast  Guard,  has  undertaken  a  study  to  provide  basic  quan¬ 
titative  engineering  data  on  the  performance  of  oil  retention 
booms  III  a  seaway.  The  aim  of  this  resulting  report  Is  to  pro¬ 
vide  designers  and  evaluators  of  oil  retention  booms  with  in¬ 
formation  and  data  to  aid  In  the  prediction  of  boom  loads,  shapes, 
and  motions.  In  particular,  the  research  la  Intended  to  provide 
Information  which  will  aid  In  answering  the  following  questions: 

1.  What  are  the  local  loads  In  an  oil  retention  boom 
and  what  are  the  end  or  mooring  loads  In  the 
presence  of  wind,  currents,  and  seas? 

2.  What  will  be  the  overall  configuration  assumed  by 
an  oil  boom  under  the  loads  Imposed  by  the  sea? 

3.  What  are  the  motions  of  the  boom  In  a  seaway? 

In  particular,  will  the  boom  ever  be  completely 
Immersed  by  a  wave  crest  or  lift  clear  of  a  wav<3 
trough  permitting  oil  to  escape? 

^t.  What  are  the  maxltmim  local  stresses  In  an  oil 
retention  boom  and  where  along  its  length  will 
these  occur? 
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The  study  is  primarily  a  theoretical  analysis  of  the  oil 
retention  boom  to  provide  information  on  a  large  variety  of  boom 
configurations  and  sea  conditions.  This  theoretical  analysis  is 
backed  up  by  the  results  of  an  experimental  program.  Towing 
tank  tests  conducted  on  selected  boom  configurations  have  provided 
information  which  server  to  check  the  accuracy  of  the  theoretical 
analysis . 

The  analytical  method  that  was  developed  was  programmed  for 
an  IBM  1130  computer  and  this  program  used  to  generate  data  for 
oil  booms  varying  several  controlling  parameters. 

2.  THEORETICAL  ANALYSIS 

Tlje  complete  analytical  solution  for  the  motions  and  loads 
on  an  oil  retention  boom  of  arbitrary  configuration  subjected  to 
the  loads  of  wind,  current,  and  an  irregular  sea  is  a  formidable 
task.  The  problem  is  difficult  because  of  its  highly  nonlinear 
nature  and  the  large  number  of  parameters  Involved. 

The  important  parameters  in  determining  the  perfonnance  of 
an  oil  retention  boom  can  be  divided  into  four  groups.  These 
are  physical  properties,  hydrodynamic  properties,  mooring  con> 
dltions  and  environmental  conditions.  Twenty-seven  variables 
are  included  in  the  four  groups.  These  are  listed  in  Table  1. 
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TABLTi  1.-  PARAMiffTERS  APPECTINQ  BOOM  PERFORMANCE 
Physical  Properties 


♦ 


Cros:j  sectional  shape 

Specific  gravity 

Center  of  gravity  location 

Shear  center  location 

Tensile  ncduius  of  elasticity,  E 

Shear  modules  cf  elasticity,  G 

Vertical  section  moment  of  inertia, 

Horizontal  section  moment  of  Inertia, 

Polar  section  moment  of  inertia,  J 
Effective  structural  cross-sectional  area,  A 
Absolute  size 
Length 

Hydrod:maml c  Propert 1 ea 


S»<in  friction  coefficient 

0*ag  coefficient  for  flow  normal  to  boom  axis 
(sam*  as  horizontal  damping  coefficient) 
VertK’al  damping  coefficient 
Htrlzcrial  mass  coefficient 

V'Tt’cai  added  macs  coefficient 


O'otc;  Thcae  must  be  defined  for  Doth  that  portion  of  tn. 

boom  In  the  air  as  well  as  the  portion  In  tiu.  wai«r, 
and,  In  general,  these  are  all  non-linear  runct'on.-s 
of  the  iccai  boom  poalttorr). 


Wcortf>g  v-ondlttorui! 

Moor ’.fig  configuration  (spacing 
and  orientation  tn  the  sea) 
Mojrirvb;  aprlng  constants 
Mooring  lamping  .oefflclents 
Moir'ng  efroftlv#^  masses 


En  V  i  ronmen  ta  1  Cond  •  t  let 

Wind  strength 
Wind  direct!  ur, 

Current  strength 
Current  direction 
Wave  spectrum 
Dominant  wave  Jlrecrtof 
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2 . 1  Dimensional  Analysis 


The  effective  number  of  variables  Involving  boom 
properties  can  re  reduced  by  non-dimensional izing.  In  order  to 
do  this,  non-dimensional  parameters  must  be  found  that  relate 
the  stiffness  of  the  boom  to  the  buoyant  and  dynamic  forces 
acting  on  it  in  such  a  way  that  the  correct  relation  between  them 
Is  maintained.  The  deflection  of  the  boom  can  be  non-dimension- 
alized  by  expressing  the  deflection  in  terms  of  a  characteristic 
length.  Thu.s: 


1 

L  “  ^  El 


(1) 


where 

6  ^  deflection,  ft 

L  a  characteristic  length,  ft 

K  =  a  function  of  the  load  distribution  and  boundary 
conditions  of  the  boom, 

P  ■■=  applied  load,,  lb 

E  »  modulus  of  elasriclty,  Ib/ft®,  and 

T  *  section  moment  of  Inertia,  f t^ . 

Since  both  buoyant  and  dynamic  forces  are  involved,  they 
must  be  non-dimenslona 11  zed  in  such  a  way  that  their  relative 
magnltudfc  vjompared  to  the  elastic  stiffness  (El)  of  the  boom  Is 
maintained.  The  buoyant  and  dynamic  forces  must,  of  course,  be 
kept  In  propter  proportion  relative  to  each  other.  For  example, 
a  wave  pas.clng  the  boom  will  change  the  immersion  of  the  boom 
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and  thus  change  the  buoyant  force  on  the  boom.  The  wave  also 
has  orbital  velocities  associated  with  it  and  will  thus  Induce 
dynamic  forces  proportional  to  the  Proude  number  squared. 


where 


(Proude  number)^ 


gL 


(2) 


V  =  a  characteristic  velocity  (wind  or  current)^ 
ft-sec”^ 

g  =  gravitational  acceleration,  ft-sec“® 


Thus,  to  maintain  the  proper  relation  between  dynamic  and  buoyant 
forces,  the  Proude  number  must  be  constant.  Since  the  accelera¬ 
tion  of  gravity  (g)  is  fixed: 


V®  «  L  (3) 

The  Reynolds  number,  a  measure  of  the  relative  magnitude 
of  the  dynamic  forces  compared  to  the  viscous  forces,  must  also 
be  considered.  Reynolds  number  is  expressed  as; 

(Reynolds  number)  «  (4) 

where 

p  =  fluid  density  (air  or  water),  lb-sec®-ft~* 

M,  =  fluid  viscosity  (air  or  water),  lb-sec-ft“® 

For  a  given  sea  condition  p  and  p  are  fixed;  thus,  for  a  con¬ 
stant  Reynolds  number: 
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(5) 

This  result  Is,  of  course,  incompatible  with  Equation  (3). 
Fortunately,  the  major  influence  of  viscosity  is  only  to  modify 
the  dynamic  coefficients.  The  magnitude  of  this  effect  is  usually 
small  compared  to  the  Influence  of  the  buoyant  forces.  In  fact, 
within  the  range  of  practical  boom  sizes  (say  2  to  10  feet  in 
height)  the  Influence  of  a  change  in  Reynolds  number  will  be 
negligible. 

Non-dlmenslonallzlng  can  therefore  be  accomplished  using 
the  Proude  number  to  provide  the  required  relation  between  dy¬ 
namic  and  buoyant  forces,  l.e.,  between  V  and  L. 

The  buoyant  forces  P_  are  proportional  to  L®.  The  dynamic 

forces  of  wind  F  and  current  P  are  proportional  to  V^L®. 
s  w 

Therefore,  boom  deflections  due  to  buoyancy  6„,  wind  and  cur- 

D  3 

rent  6^  can  be  expressed  non-dlmenslonally  with  the  aid  of  Equa¬ 
tions  (l)  and  (3); 


El  El 


FL"®  5 
K  ^  -  11. 

a  El  El 


P 

K  « 

w  El 


l! 

El 


(6) 
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Thus,  geometrically  similar  booms  of  different  absolute 
size  will  behave  the  same  If  the  ratio  L®/EI  Is  maintained  and 
wind  and  current  velocities  are  adjusted  proportional  to  ^Tl. 

Absolute  size  can  now  be  eliminated  as  a  parameter  If  we 
define  non-dlmenslonal  parameters: 


Stiffness,  S' 


El 


Wind  speed. 


Current,  V 
’  w 


Wave  height,  h'  =  ^ 

iJ 

where 

=  density  of  water, 

=  density  of  air,  and 
h  =  wave  height. 


(7) 


To  apply  this  scaling  to  the  real  sea  one  further  assump¬ 
tion  is  made.  That  is,  that  the  scaled  energy  distribution  of 
the  waves  in  one  sea  state  Is  the  same  as  In  another  sea  state, 
(e.g.  sea  state  3  is  a  scale  model  of,  say,  sea  state  4). 
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While  this  non-dlmenslonalizlng  Is,  of  course,  not  necessary, 
it  does  provide  a  useful  framework  for  comparing  the  performance 
of  booms  of  slightly  differing  sizes. 

It  was  originally  planned  to  carry  out  both  a  static  analysis 
(constant  wind  and  current  with  no  waves)  and  a  dynamic  analysis 
with  a  single  numerical  solution  technique  programmed  for  a  digi¬ 
tal  computer.  This  technique  would  provide  a  three-dimensional 
solution  and  would  Include  the  most  Important  non-llnearltles . 
While  such  a  program  Is  feasible,  difficulties  encountered  In 
developing  a  satisfactory  computational  procedure  precluded  de¬ 
velopment  beyond  the  static  solution.  A  linearized  analysis  was 
therefore  developed  to  predict  the  dynamic  performance.  A  de¬ 
scription  of  both  the  static  and  the  dynamic  analysis  follows. 

An  explanation  of  the  equations  involved  Is  presented  In  Appen¬ 
dix  C  for  the  static  solution  and  in  Appendix  D  for  the  dynamic 
solution. 

2.2  Static  Analysis 

The  type  of  oil  retention  boom  treated  is  a  continuous 
elastic  beam  floating  on  the  water  surface.  The  water  surface 
is  assumed  flat  (no  waves)  so  that  the  only  environmental  loads 
imposed  on  the  boom  are  from  wind  and  current.  The  boom  is 
divided  into  a  large  number  of  Imaginary  elements,  each  of  which 
is  assumed  sufficiently  short  so  that  angular  deflections  within 
its  length  are  small,  and  so  that  classical  linear  beam  theory 
will,  therefore,  be  valid  in  computing  the  deflections  of  each 
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element.  It  has  also  been  assumed  that  torsional  deflections  of 
the  boom  are  sufficiently  small  so- that  they  produce  negligible 
changes  In  the  horizontal  and  vertical  sectional  properties  of 
the  boom. 

Some  Important  non-llnearltles  are  Included  In  the  static 
analysis  and  should  be  noted.  First,  the  classical  beam  deflec¬ 
tion  and  equilibrium  equations  have  been  modified  to  Include  the 
Influence  of  the  tension  on  deflection.  The  non-llnear  coupling 
of  tension  and  deflection  Is  necessary  to  permit  the  solution  for 
booms  of  small  or  negligible  stiffness. 

In  general,  large  deflections  are  required  of  the  entire 
boom  configuration.  Therefore,  In  order  to  correctly  resolve 
the  loads  and  map  the  complete  boom  configurations,  It  Is  neces¬ 
sary  to  Include  all  trigometrlc  relations  In  the  equations.  These 
trlgometrlc  relations  not  only  make  the  equations  non-llnear  but 
produce  additional  coupling  between  the  force  variables  and  the 
position  variables, 

A  third  type  of  non-linearity  is  encountered  in  computing 
the  hydrodynamic  and  hydrostatic  loads  acting  on  the  boom.  These 
loads  are  based  on  the  position  and  orientation  of  the  middle  of 
each  Individual  element  of  the  boom.  Hydrostatic  loads  are  de¬ 
termined  by  computing  the  actual  displaced  volume  of  each  element  and 
take  full  account  of  its  cross-sectional  shape.  Hydrodynamic 
and  aerodynamic  loads  are  computed  separately  in  a  direction 
tangential  to  the  boom  axis  and  normal  to  the  boom  axis.  To  do 
thla,  the  flow  velocity  (air  and  water)  is  resolved  into  com- 
piv.ents  tangential  to  and  normal  to  the  boom  axis.  Tangential 


n  the  wetted  surface  of  the  element  and  a  skin 
ent  (C^).  Normal  loads  are  based  on  the  frontal 
nt  and  a  drag  coefficient  (C^).  In  computing 
jsd  in  Appendix  A,  and  were  taken  as  0.04  and 
for  the  portion  of  the  boom  in  air  as  well  as 


are  baaed  on  the  assumption  that  the  hydro- 
ynamic  centers  of  pressure  are  located  at  the 
^projected  area  (in  water  and  in  air)  of  each 
e  is  then  taken  to  be  the  hydrodynamic  or 
al  load  times  the  distance  between  their  respec- 
[j, ^pressure  and  the  boom  shear  center.  Of  course, 
stability  and  torsional  stiffness  of  the  boom 
d  in  the  calculations. 

al  solution  for  the  loads  and  shape  of  an  oil 
•equires  the  simultaneous  solution  of  four  types 
hese  equations,  along  with  a  complete  description, 
1  Appendix  A.  However,  a  brief  description  of 
each  type  of  equation  is  presented  in  the  fol- 


jf^ype  of  equations  are  the  six  "equilibrium"  equa- 
Iftuations  relate  the  forces  and  moments  on  one  end 
so  the  forces  and  moments  on  the  other  end  of  the 
s  of  the  deflections  and  applied  loads.  They 
h  element  of  the  boom,  and  thus  the  entire  boom, 
urn  such  that  all  the  externally  applied  loads  are 
ernal  structural  loads. 
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The  second  type  of  equations  are  the  six  "deflection" 
equations.  These  express  the  deflection  of  each  element  In  terms 
of  the  applied  loads  and  the  structural  forces  and  moments  on  the 
ends  of  the  element  which  are  transferred  from  the  neighboring 
elements . 

The  third  type  are  the  six  "shape"  equations.  These  relate 
the  position  of  one  end  of  each  element  to  the  position  of  the 
other  end  In  terms  of  Its  angular  position  and  the  deflections 
within  the  element.  They  Insure  that  the  end  of  each  element 
has  the  same  position  and  orientation  In  space  as  the  end  of  the 
mating  element.  That  la,  the  boom  forms  a  smooth  continuous 
curve. 

These  l8  equations  are  applied  to  each  element  and  are  suf¬ 
ficient  to  solve  for  all  the  internal  loads,  deflections,  and 
overall  shape  once  the  applied  loads  and  mooring  conditions  are 
known.  The  mooring  conditions  are  specified  in  the  fourth  type 
of  equations,  the  "boundary  condition"  equations.  There  are  12 
of  these  equations,  6  for  each  end  of  the  boom.  These  equations 
form  explicit  relations  between  the  forces  and  moments  on  the 
ends  of  the  ooom  and  their  location  and  orientation  In  space. 

The  boundary  conditions  applied  to  all  data  in  Appendix  A  are: 

(i)  the  ends  of  the  boom  must  be  located  at  specified  positions 
(the  vertical  position  is  specified  to  be  at  the  equilibrium 
waterline),  and  (2)  thac  there  be  no  bending  moments  or  torque 
at  the  ends  (i.e.,  a  flexible  connection  between  the  boom  and 
Its  moorine;). 
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A  boom  represented  by  N  elements  will  have  l8  N  +  12  simul¬ 
taneous  equations  to  be  solved.  Since  10  elements  were  used  in 
obtaining  the  results  presented  in  Appendix  A,  it  was  necessary 
to  solve  a  set  of  192  simultaneous  equations  for  each  case. 

The  numerical  solution  of  these  equations  is  carried  out  on 
an  IBM  1130  digital  computer.  The  computational  technique  must, 
of  course,  possess  mathematical  stability  if  the  solution  is  to 
converge.  This  stability  depends  on  how  the  non-linear  terms  are 
treated,  how  the  equations  are  normalized,  and  the  order  in  which 
the  computations  are  carried  out.  Considerable  difficulty  was 
encountered  in  obtaining  a  stable  solution  for  all  boom  configu¬ 
rations.  This  was  particularly  true  for  solutions  involving 
booms  of  low  but  finite  stiffness.  It  was  found  necessary  to  ex¬ 
press  the  equations  in  the  form  of  a  linear,  small  amplitude 
perturbation  about  an  assumed  solution,  and  to  Include  deriva¬ 
tives  of  all  applied  load  functions  with  respect  to  boom  position. 
The  result  is  a  set  of  linear  simultaneous  equations  which  are 
presented  in  Appendix  C. 

These  equations  have  been  arranged  in  matrix  form  and  are 
solved  using  Gauss'  reduction  method  (Reference  l).  Because  of 
the  necessity  of  expanding  non-linear  terms,  an  iterative  calcu¬ 
lation  procedure  is  required.  In  each  iteration  the  previously 
computed  configuration  is  used  as  the  assumed  configuration  in 
the  expanded  terms.  The  calculations  for  the  hydrodynamic  loads 
on  the  boom,  which  are  a  function  of  the  boom  position,  are 
based  on  the  boom  position  in  the  previous  iteration.  Initial 
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condltions  are  provided  by  assuming  the  boom  floats  at  Its  equi¬ 
librium  waterline  and  lies  In  a  specified  curve  between  Its  moor¬ 
ings.  In  the  cases  where  the  boom  was  relatively  stiff  compared 
to  the  applied  loads, a  circular  arc  curve  was  used  as  the  initial 
curve.  In  cases  where  the  boom  was  relatively  limber,  the  curve 
assumed  by  a  boom  of  zero  stiffness  was  used  to  reduce  the  number 
of  Iterations  required  for  convergence.  These  zero  stiffness 
curves  were  obtained  from  Reference  2. 

Typically,  four  Iterations  were  required  to  obtain  satis¬ 
factory  convergence.  With  the  boom  divided  into  10  elements  this 
required  about  15  minutes  of  computer  time;  an  additional  15 
minutes  were  required  to  automatically  plot  the  results.  Thus, 
a  total  of  about  one  half  hour  of  computer  time  was  required  to 
produce  the  results  for  each  esse  presented  in  Appendix  A. 

2.3  Dynamic  Analysis 

A  continuously  elastic  oil  boom  floating  on  the  water 
surface  is  again  treated.  However,  the  non-linearities  which 
were  Included  in  the  static  analysis  are  not  Included  in  the  dy¬ 
namic  analysis.  It  is  assumed  that  the  basic  boom  geometry 
(planform)  is  the  result  of  the  steady  wind  and  current  loads 
as  computed  in  the  stativ^  analysis.  The  waves  are  assumed  to 
be  long  crested  and  to  cause  only  small  oscillatory  perturba¬ 
tions  about  this  basic  shape.  It  is  further  asaumed  that  the 
radius  of  curvature  of  the  boom  under  steady  loads  is  large 
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compared  to  the  radius  of  curvature  from  wave  induced  motion  so 
that,  at  any  point  on  the  boom,  the  wave  Induced  motions  and 
loads  will  be  statistically  the  same  as  those  on  an  infinitely 
long  straight  boom  with  the  same  mean  tension  and  orientation  to 
the  sea.  The  latter  assumption  requires  fluctuations  in  tension 
from  waves  to  be  small  compared  to  the  mean  tension  Imposed  by 
wind  and  current.  These  assumptions  permit  a  dynamic  solution 
to  be  linearized  about  the  steady-state  solution. 

The  problem  is  formulated  separately  in  the  vertical  and 
horizontal  planes.  The  governing  equations  in  both  planes  are 
linear,  fourth  order  differential  equations.  These  are  presented 
as  Equations  [D-4)  and  [D-21]  In  Appendix  D  for  the  vertical  and 
horizontal  planes  respectively.  These  equations  are  solved  to 
obtain  the  unit  response  operator  of  the  boom  as  a  function  of 
wave  frequency. 

To  obtain  statistical  information  it  is  necessary  to  have 
a  representation  of  the  spectral  energy  density  as  a  function  of 
wave  frequency  in  the  desired  sea  conditions.  We  have  selected 
the  Pierson-Moskowitz  spectrum  which  la  given  by  Equation  [l3l> 
The  spectral  oensity  of  any  desired  quantity  at  any  wave  fre¬ 
quency  is  obtained  from  the  product  of  the  square  of  Its  unit 
response  amplitude  and  the  amplitude  squared  spectral  density 
of  th?  wave  spectrum.  The  root-mean-square  amplitude  Is  then 
found  by  Integrating  to  find  the  square  root  of  the  area  under 
the  curve  of  spectral  density.  Finally,  the  statistical  prop¬ 
erties  of  the  Rayleigh  distribution  formula  are  used  to  find 
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the  average,  average  of  one-third  highest,  average  of  one-tenth 
highest,  and  maximum  expected  value  for  each  desired  quantity. 
The  complete  formulation  for  these  is  presented  in  Appendix  D. 

The  output  of  the  dynamic  analysis  gives  the  above  statis¬ 
tical  values  for  the  following  quantities  as  a  function  of  the 
boom  properties,  boom  tension,  sea  state,  and  orientation  to  the 
sea . 

Vertical  Plane; 

Resonant  Frequencies 

Absolute  Vertical  motion  of  boom  (Displacement) 

Bending  Moment 
Shear 

Relative  Vertical  motion  between  the  boom  and  the 
Water  Surface  (immersion ) 

Slope 

Curvature 

Horizontal  Plane: 

Resonant  Frequencies 

Absolute  Horizontal  motlori  of  boom  (Displacement) 

Bending  Moment 

Shear 

Slope 

Curva ture 
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Maximum  loads  on  the  boom  are  obtained  by  adding  the  static 
and  dynamic  loads  (bendir^  moment  and  shear)  separately  in  both 
the  vertical  and  horizontal  planes.  These  are  then  combined  by 
taking  the  vector  sum  of  both  components  (i.e.  the  square  root 
of  the  sum  of  the  squares). 

A  limitation  of  this  linearized  approach  is  that  statisti¬ 
cal  information  on  fluctuations  in  tension  cannot  be  obtained. 
However,  an  empirical  relation  has  been  developed  to  estimate 
the  average  tension  at  the  ends  of  the  boom.  This  relation  is 
given  in  Equation  (l4) and  reflects  the  increase  in  boom  drag  due 
to  the  orbital  velocity  of  the  waves. 

Results  of  the  dynamic  calculations  are  presented  in  Ap¬ 
pendix  D. 


3.  OIL  BOOM  MODEL  TESTS 

To  verify  the  results  of  the  analytical  study  of  Phase  I, 
a  model  test  program  was  conducted  in  the  HYDRONAUTICS  Ship 
Model  Basin.  A  description  of  the  mode],  test  procedures,  and 
results  follows; 

3.1  The  Model 

A  scale  model  of  an  oil  boom  must  be  dynamically  as 
well  as  geometrically  similar  to  the  prototype.  To  satisfy  dy¬ 
namic  (Proude)  scaling,  the  "bending  stiffness"  El  and  "tor¬ 
sional  rigidity’'  OJ  of  the  model  must  be  scaled  to  the  fifth 
power  of  the  scale  ratio  X; 
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where 

D 

=  diameter. 

ft 

L 

=  Length,  ft 

P 

=  subscript 

denoting  "prototype 

m 

=  subscript 

denoting  "model" . 

(8) 


A  non-dimensional  stiffness  S'  may  be  defined  that  must  be  con¬ 
stant  for  both  model  and  prototype: 


where 

P 

g 

Thus, 


Similarly, 


S' 


El 

IpgD' 


m 


mass  density  of  water,  slug-ft“® 
acceleration  of  gravity,  ft-sec“ 


(El) 


m 


(El)  p 

^  p  ^ 

Pp 


1  \ 

1  GJ 

R*  * 

1 

ipgE  L 

i  PgD®  1 

(9) 


(10) 


(11) 
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The  ratio  P^j^/Pp  in  Equation  (lO)ls  a  correction  for  the  dif¬ 
ference  In  density  of  fresh  water  (model)  and  salt  water  (pro¬ 
totype)  «  0.97. 

The  bending  stiffness  and  torsional  rigidity  of  a  realistic 
oil  retention  boom  model  are  quite  small  due  to  the  dynamic 
scaling  criterion.  The  model  boom  must  be  extremely  flexible  to 
simulate  a  full-size  boom.  To  achieve  this  flexibility  with 
materials  that  were  readily  available,  the  model  boom  was  fabri¬ 
cated  of  wooden  15-lnch  long  cylindrical  segments  connected  by 
1-lnch  Joints  of  polyvinyl  chloride  (PVC)  tubing.  All  flexing 
of  the  model  occurs  In  the  5/8-lnch  diameter  Joints.  The  model 
consists  of  19  segments  and  18  Joints,  giving  a  total  model 
length,  L  =  25.25  ft. 

The  segment  diameter  =  3*60  inches.  However,  the  ends  of 
the  segments  are  tapered  with  45°  cones  to  permit  the  Joints 
to  bend  to  90°. 

Each  segment  has  four  slots  evenly  spaced  around  its 
perimeter  to  hold  Inserts.  The  Inserts  are  of  steel  or  wood 

and  are  exchanged  to  effect  changes  In  model  density  and  center 
of  gravity. 

Figure  1  is  a  photograph  of  the  model  showing  the  details 
of  construction. 
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The  model  was  built  to  simulate  a  continuous  oil  boom  con¬ 
structed  with  a  thin  elastic  skin  Inflated  to  a  6-foot  diameter 
and  ballasted  with  water.  Of  course,  the  model  more  closely 
simulates  a  segmented  oil  boom  in  which  the  flexibility  is  con¬ 
centrated  at  the  Joints. 

The  model  parameters  were  chosen  to  be  representative  of  a 
realistic  oil  boom  configuration.  However,  the  corresponding 
prototype  is  not  necessarily  a  viable  design. 

The  bending  stiffness,  El, and  torsional  rigidity,  GJ,  of 
the  oil  boom  prototype  and  model  (where  X  =  20)  are  tabulated 
below. 


TABLE  2.  -  OIL  BOOM  CHARACTERISTICS 


Model 

Prototype 

L,  ft. 

25.25 

505.0 

D,  ft 

0.30 

6.  0 

El,  lb-in® 

29.0* 

95.6  X  10^ 

OJ,  lb-in® 

1  ^ 

27. 

90.5  X  10^ 

« 

Note;  Effective  value. 


The  values  of  El  and  OJ  are  given  as  effective  values  for  the 
model,  l.e.,  the  c'-^f'fness  of  the  Joint  is  adjusted  by  the  rel¬ 
ative  lengths  of  the  Joint  and  the  model  segment  to  obtain  the 
stiffness  equivalent  to  a  model  boom  having  continuous  flexibility. 
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The  effective  bending  stiffness  and  torsional  rigidity  of 
the  model  may  be  expressed  as  dimensionless  quantities  to  elimi¬ 
nate  absolute  size  as  a  parameter  (see  Equation  (9)) : 


L'  =  L/D  =  84.1 

S'  =  =1.33 

pgD^ 

R '  =  =1.26 

pgD® 

The  model  was  tested  In  four  conditions  of  ballast.  These 
conditions  are  given  as  dimensionless  quantities  In  Table  3. 


TABLE  3.  -  MODEL  BALLAST  CONDITIONS 


Model  Designation 

A 

B 

c 

D 

4W/pg7rLD® 

0,700 

0.700 

0.625 

0.625 

CQ/D 

0.096 

0.049 

0.055 

0.107 

H/D 

0.742 

0.742 

0.672 

0.672 

0.683 

0.683 

0.608 

0.608 

where 

W  ■  model  welgnt,  lb 

CO  ■  distance  from  boom  axis  to  center  of  gravity,  ft 
H  ■  draft,  ft 

A_  ■  frontal  area,  ft®  (see  Figure  2). 

C 
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3.2  Test  Procedures 

The  oil  boom  model  was  tested  in  the  HYDRONAUTICS 
Ship  Model  Basin  in  both  calm  water  (steady  state)  and  Irregular 
long-crested  waves.  The  model  was  towed,  to  simulate  ocean  cur¬ 
rents  (relative  to  the  oil  boom  mooring  system),  at  nominal  speeds 
of  0.25,  0.50j  and  O.75  fps.  Corresponding  full  scale  currents 
are  0.66,  1.33^  and  1.99  knots,  respectively. 

The  model  was  towed  withf  elastic  mooring  lines  5.42  ft. long 
attached  to  the  ends  of  the  model.  These  were  used  in  order  to 
transmit  a  nearly  constant  (due  to  the  very  low  spring  constant) 
towing  force  to  the  model.  In  this  manner,  the  effects  of  car¬ 
riage  surge  were  damped  out  and  the  model  speed  (current)  was 
held  more  nearly  constant. 

The  boom  mooring  was  symmetric  in  all  tests,  i.e.,  the  line 
Intersecting  the  two  mooring  points  is  at  right  angles  to  the 
current.  The  spacing  between  the  mooring  points  on  the  towing 
bar  was  adjustable  from  0  to  15  feet.  A  spacing  of  8  feet  was 
chosen  to  represent  a  "fixed"  mooring.  This  represents  a  con¬ 
dition  where  the  full  scale  oil  boom  is  moored  to  buoys  or  other 
fixed  moorings  which  are  spaced  I60  ft.  apart  and  symmetric  to 
the  flow.  In  other  tests  the  mooring  spacing  was  adju.sted  to 
simulate  "drogue"  mooring  i.e.,  where  the  oil  boom  is  attached 
to  drogue  anchors  that  have  no  transverse  resistance  so  that  the 
mooring  lines  are  parallel  to  the  flow.  Thus,  in  these  tests, 
the  spacings  between  the  mooring  points  and  between  the  boom 
ends  are  equal. 
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l|(towlng  force)  of  the  oil  boom  was  measured  by  a 
Reluctance  type  modular  force  gage  upon  which  the  towing 
junted.  The  gage  capacity  Is  10  lb,  but  the  forces  In- 
these  tests  ranged  from  only  0.1  to  1.0  lb.  A  low 
noise  ratio  was  a  result  of  carriage-induced  vibrations 
ling  bar  and  the  low  drag  forces  Involved.  However,  by 
ig  the  gage  output  over  long  time  periods  (50  sec),  the 
?nt  of  the  signal  was  effectively  separated  from  the 

I 

lese  average  (integrated)  drag  readings  were  repeated 
.JfJimes  during  each  teat  and  showed  to  be  reliable  to  wlth- 

lib. 

Uphape  of  the  oil  boom  in  the  horizontal  plane  was  re- 
t/lllf  otographlcally.  The  still  camera  was  located  about 
bve  the  water  surface.  Typical  photos  of  the  boom  in 
r  and  in  waves  are  shown  in  Figure  3.  The  grid  in  these 
Ips  made  of  cords  spaced  at  2  ft.  intervals  in  a  plane 
above  the  water  level. 

t^^gular  long-crested  waves  are  generated  by  a  wedge- 
unger  at  one  end  of  the  towing  tank.  Significant  wave 
Id  the  spectrum  of  wave  energy  are  controlled  by  a 
I  Illy  driven  set  of  several  slne-coslne  potent iomi tens 
at  different  frequencies  and  in  random  phase.  The  Ir- 
ilgnal  generated  by  the  system  can  be  repeated  by  re- 
»o  the  same  initial  phases  between  potentiometers.  The 
ff>uld  ordinarily  repeat  only  after  about  an  hour  in 


I 
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The  tests  in  waves  were  conducted  so  that  individual  runs 
(in  the  same  sea  state)  were  made  over  a  similar  irregular  wave 
profile.  The  wave  profile,  with  respect  to  a  point  on  the 
towing  carriage,  was  measured  by  a  sonic  probe  and  recorded  on 
a  vlsicorder.  The  profile  was  recorded  for  about  two  minutes 
during  the  first  run  in  each  of  the  three  significant  wave 
heights  (sea  states).  Records  were  not  produced  during  suc¬ 
ceeding  runs. 


Two  movie  cameras  were  used  to  record  the  motions  of  the 
oil  boom  when  towed  in  head  seas  (all  tests  in  waves  were  con¬ 
ducted  with  current  and  waves  running  in  the  same  direction). 

One  movie  camera  was  mounted  overhead  next  to  the  still  camera 
and  the  other  was  located  about  5  ft.  above  the  water  and  angled 
to  give  an  oblique  view  of  the  water  surface.  The  cameras  were 
run  simultaneously  at  a  rate  of  12  frames  per  second  for  about 
55  seconds  during  each  test. 


3.3  Discussion  of  Test  Results 

3.3.1  Tests  in  Calm  Water  -  The  model  was  well-behaved 
in  the  calm  water  tests.  After  some  initial  oscillations,  due 
to  the  acceleration  to  the  desired  towing  speed,  the  boom 
quickly  assumed  a  steady  shape.  To  simulate  drogue  mooring,  the 
mooring  spacing  was  adjusted  while  underway  until  an  equilibrium 
(steady)  ‘•hape  was  found  In  which  the  towing  lines  were  parallel, 
l.e.,  the  boom  end  spacing,  Sg,  equal  to  the  mooring  spacing. 


HYDRONAUTICS,  Incorporated 


-25- 

After  the  boom  had  reached  equilibrium, a  photograph  was 
made  to  record  the  shape  In  the  horizontal  plane  (see  Figure  3). 
The  profile  seen  In  a  photograph  is  not  the  true  boom  shape  be¬ 
cause  of  parallax  errors. 

Offsets  were  taken  from  the  photographs  and  corrected  for 
parallax  to  obtain  the  profiles  in  Figures  4  to  9*  These  are 
profiles  of  the  oil  boom  centerline.  The  coordinate  system  for 
each  profile  was  shifted  so  that  the  x-axis  passed  halfway  be¬ 
tween  the  boom  ends  and  the  y-axis  passed  through  the  point  of 
one  end.  The  oil  boom  profiles  were  not  exactly  symmetrical 
due  to  non -uniformities  In  the  model  construction  and  towing 
lines. 

The  measured  towing  conditions  for  each  test  in  Figures  4 
to  9  are  given  in  Table  4  in  non-dimensional  form. 

There  do  not  appear  to  be  any  significant  changes  In  the 
model  profiles  with  respect  to  the  four  geometries  (A,  B,  C  and 
D).  Change  in  the  vertical  center  of  gravity  (see  Table  3) 
would  not  be  expected  to  affect  the  towing  behavior  in  calm  water. 
A  change  in  model  density  might  be  expected  to  have  an  effect 
due  to  the  increase  In  drag  with  greater  submergence.  However, 
this  effect  is  not  readily  apparent  In  the  figures.  Note  that 
the  change  in  draft  between  model  configurations  Is  about  10 
percent.  A  3  percent  Increase  in  Froude  number  can  be  expected 
to  change  the  drag  by  the  same  amount  as  a  10  percent  increase 
In  draft. 
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TABLE  4.  -  CALM  WATER  TOWIMO  CONDITIONS 


Figure 

Number 

Mooring 

Condition 

Model 

Test 

Number 

^D 

L . 

V’ 

T/L 

% 

4 

Fixed 

A 

1 

0.2360 

0.3168 

0.2966 

0.2976 

0.215 

B 

18 

0.2360 

0.3168 

0.2991 

0.3007 

0.215 

C 

29 

0.2410 

0.3168 

0.3070 

0.2950 

0.205 

■1 

41 

0.2400 

0.3168 

0.2951 

0.3054 

0.219 

5 

Fixed 

2 

0.1570 

C.3I68 

0.3106 

0. 2662 

0.240 

B 

15 

0. 1530 

0.3168 

0.3020 

0.3155 

0.280 

c 

27 

0. 1670 

0.3168 

0.3166 

0. 2645 

0.225 

■■ 

39 

0.1700 

0.3168 

0.3109 

0.3036 

0.215 

6 

Fixed 

3 

0.0750 

0.3168 

0.3739 

0.2551 

0.275 

B 

14 

0.0700 

0.3168 

0.4364 

0.2506 

0.137 

26 

0.0800 

0.3168 

0.4125 

0.2579 

0.236 

37 

0.0860 

0.3168 

0.3634 

0.2593 

0.149 

7 

Drogue 

6 

0.2280 

0. 1782 

0.1874 

0. 2891 

0.164 

B 

17- 

0.2370 

0.2110 

0.2145 

0.2887 

0.170 

30 

0.2400 

0.2178 

0.2239 

0.2854 

0.172 

H 

42 

0.2460 

0.2110 

0.2089 

0.3010 

0.185 

8 

Drogue 

5 

0.1480 

0.3037 

0.3C66 

0.2949 

0.218. 

B 

16 

0.1510 

0.3037 

0.2634 

0.2888 

0.228 

c 

28 

0. 1650 

0.3037 

0.3110 

0.2941 

0.210 

■■ 

40 

0.1640 

0.2839 

0.2878 

0.2867 

0.175 

9 

Drogue 

4 

0.0700 

0.5279 

0.6308 

0. 2872 

0.260 

B 

13 

0.0720 

0.4356 

0.4781 

0.2705 

0.115 

C 

25 

0.0810 

0.4784 

0.5159 

0.2629 

0.315 

D 

38 

0.0830 

0.4819 

0.5188 

0,2615 

0.097 

S|^  ■  Mooring  opiolnj  (towllnt  spBoing  at  flxod  to  towing  oarrlage) 

•  Boom  and  8paelng(towllna  apaolng  as  fixad  to  tha  booa  mda) 

L  »  Booa  length 

T  •  Towllna  length 

•  Proude  nuaber  •  V/VgL 

C|^  ■  Drag  ooefflelent  (aee  Iquatlon  IS) 
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Slgnlficant  changes  in  the  boom  profile  arJae  from  the  towing 
speed  (Proude  number)  and  the  lateral  spacing  between  the  mooring 
points.  These  changes  are  obvious  in  the  figures  and  follow 
trends  that  would  normally  be  expected. 

Calm  water  drag  data  are  presented  in  Table  4  and  Figure  10. 
The  drag  coefficient  Is  defined  by 


°  ipV^HL 

where 

D  »  dragj  lb., 

V  »  current  velocity,  fps., 
H  «  draft,  ft., 

L  »  boom  length,  ft. 


(12) 


The  drag  data  are  shown  as  a  function  of  mooring  spacing,  Sj^. 

The  mooring  conditions,  fixed  or  drogue,  and  Proude  numbers  are 
Indicated  by  the  data  point  symbols.  No  significant  effects  d’  e 
to  Proude  number  or  mooring  conditions  are  apparent  from  these 
data.  The  model  configurations  are  not  indicated  in  this  flg- 
urej  however,  they  also  show  no  effect.  A  dashed  line  is  shown 
to  indicate  the  tendency  of  the  drag  coefficient  to  increase  as 
mooring  spacing  increases,  as  should  be  expected. 
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3* 3.?  Tests  In  Waves  -  Irregular  waves  were  generated  In 
the  towing  tank  In  such  a  way  that  their  (amplitude  squared) 
spectral  density  S(a>)  would  simulate  the  spectrum  given  by 
Pierson-Moskowltz  (Ref.  3).  This  spectrum  may  be  expressed  as 


where 

0)  »  frequency,  rad/sec 

»  significant  wave  height,  ft.,  and 

i6.8  and  33-56  are  empirical  constants. 

The  "algnlf leant"  value  is  defined  as  the  average  of  the  highest 
one-thlx^l  values  of  the  parameter  In  question.  The  parameters 
in  this  report  are  generally  given  as  amplitudes.  Wave  height  I 
the  exception  and  la  a  "double"  amplitude  measured  from  crest  to 
succeeding  trough. 

The  wave  records  from  the  mo^el  tests  were  treated  statis¬ 
tically  to  ;’lnd  the  spectral  density  as  a  function  of  wave  fro- 
quency  <0  ano  the  significant  wave  height.  Three  dlffercr.t 
"seas"  were  generated  and  correspond,  nominally, to  Sea  }, 

4  and  5.  Bich  different  see  was  used  for  teste  at  a 
current  as  given  In  Table  5.  The  spectral  densities  are  shown 
In  Figures  ll,  12  and  13  along  with  the  PI eraon-Moakowl t* 
truro  having  the  same  significant  wave  height.  The  wave  data 
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show  good  agreement  with  the  desired  spectrum.  However,  it 
should  be  noted  that  the  data  points  represent  the  wave  energy- 
contained  in  the  frequency  band  between  the  data  points.  If 
data  points  are  calculated  for  more  narrow  frequency  bands  they 
will  show  that  the  wave  energy  is  actually  concentrated  at  the 
discrete  frequencies  at  which  energy  is  supplied  to  the  wavemaker. 


TABLE  5.  -  CURRENT  AND  WAVES  USED  IN  MODEL  TESTS 


Sea  State 

3 

4 

5 

Significant  wave  height  H^,  ft. 

4.91 

6.80 

13.33 

Current  V,  ,  knots* 

k 

0.67 

1.33 

1.99 

*  Given  to  prototype  scale. 

The  model  behavior  in  waves  was  similar  to  behavior  in 
calm  water.  A  mean  profile  similar  to  those  in  calm  water  tests 
was  assumed  after  starting  the  carriage,  but  the  segments  oscil¬ 
lated  about  this  mean  profile  in  response  to  the  action  of  the 

waves. 

In  Sea  State  3  the  boom  segments  did  not  submerge.  Water 
occasionally  washed  over  segments  of  the  boom  in  Sea  State  4 
and  did  so  frequently  In  Sea  State  5.  The  middle  segment  was 
totally  submerged  about  half  of  the  time  during  tests  in  the 
highest  Sea  State.  At  no  time  was  a  segment  seen  to  lift  out 
of  the  water. 
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The  drag  data  for  tests  in  waves  are  presented  in  Figure  10, 
along  with  the  data  from  calm  water  tests.  These  data  show  that 
the  drag  is  significantly  Increased  by  the  presence  of  waves. 

In  all  other  respects  the  drag  in  waves  is  similar  to  the  drag 
in  calm  water. 

Data  were  taken  from  a  frame-by-frame  analysis  of  motion 
pictures  to  determine  the  boom  motions  in  terms  of  angles  of 
roll  7,  pitch  and  yaw  a  between  adjoining  segments.  The 
significant  values  of  the  angular  motion  amplitudes  were  found 
and  are  presented  in  Figures  l4,  15  and  l6.  It  should  be  noted 
that  these  angles  represent  the  average  angles  for  a  complete 
segment  length  and  should  be  divided  by  the  segment  length  to 
get  an  angle  per  unit  length  or  curvature. 

Model  configuration,  i.e.,  center  of  gravity  and  weight, 
and  mooring  spacing  had  no  dlscernable  effect  on  the  motions 
that  were  measured.  The  effect  of  wave  height,  however,  is 
evident  and  follows  expected  trends,  e.g.,  higher  waves  cause 
greater  motions. 

4.  COMPARISON  OF  ANALYTICAL  RESULTS  WITH  MODEL  TESTS 
4.1  Static  Tests 

The  "static"  program  was  used  to  generate  data  for  an 
oil  boom  with  all  input  parameters  corresponding  to  those  in 
(calm  water)  model  tests  numbers  1,  2  and  3.  (See  Tables  2,  3^ 
and  4).  The  computed  and  the  experimental  values  of  drag  co¬ 
efficient  are  compared  in  Table  6  and  the  steady-state  boom 
geometries  in  the  horizontal  plane  are  presented  for  comparison 
in  Figures  17,  l8  and  19. 
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table  6.  -  COMPARISON  OP  MEASURED  AND  COMPUTED 

DRAG  COEFFICIENTS 


Model  Test 
Number 

Proud e 
Number,  Pj^ 

Drag  Coefficients, 

Difference, 

percent 

Measured 

Computed 

1 

0.236 

0.215 

0.214 

0.5 

2 

0.157 

0.240 

0.221 

7.9 

3 

0.075 

0.275 

0.250 

9.1 

The  computed  results  show,  in  general,  good  agreement  with 
the  model  experiments.  The  computed  drag  coefficients  agree 
within  the  accuracy  of  the  model  measurements  (see  Figure  10). 
The  computed  boom  geometries  compare  favorably  with  the  model 
measurements,  again  considering  the  accuracy  shown  in  the  model 
tests  (Figures  4  to  9). 

4. 2  Dynamic  Testa 

The  "dynamic"  gram  was  applied  to  give  statistical 
values  of  pitch  angle  |3  and  yaw  angle  a  between  two  points  on 
a  continuous  boom.  The  longitudinal  separation  between  these 
two  points  is  Just  AL,  (Ax  in  Equation (D- 19))  the  link  length  of 
the  model  boom.  The  input  parameters  corresponded  to  those  of 
model  boom  "A"  in  all  other  respects. 

The  calculated  significant  values  of  pitch  and  yaw  are 
presented  in  Figures  20  and  21,  respectively,  as  functions  of 
significant  wave  height  with  contours  for  relative  heading 
angles  of  0,  30,  45,  6o,  and  90  degrees.  It  is  interesting  to 
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note  the  Impllcationa  of  these  curves.  First,  the  pitch  ampli¬ 
tude  Is  zero  at  the  90  degree  heading  and  maximum  at  0  degrees 
while  yaw  amplitude  la  zero  at  both  0  and  90  degrees  and  maximum 
around  45  degrees.  At  90  degree  heading  (beam  seas)  the  boom 
moves  In  heave  and  sway  but  does  not  bend  In  either  plane.  At 
0  degrees  (head  seas)  the  boom  contours  the  waves  with  heave  and 
pitch  but  has  no  motion  In  the  horizontal  plane.  Second,  yaw 
and  pitch  increase  with  Increasing  wave  height  up  to  some 
limiting  value.  The  limiting  value,  a  function  of  boom  heading. 
Is  related  to  the  maximum  slope  that  can  occur  (discounting 
breaking  waves)  In  the  sea. 

Unfortunately,  model  test  data  do  not  represent  any  parti¬ 
cular  heading  angle.  Nominal  values  of  heading  angle  were  found 
to  be  60,  45  and  15  degrees  corresponding  to  model  test  data  at 
significant  wave  heights  of  4.91,  6.8O  and  13.33  feet,  re¬ 
spectively.  Calculated  values  of  significant  pitch  amplitude 
and  yaw  amplitude  for  these  parameters  are  shown  along  with  the 
model  test  data  In  Figures  22  and  23,  respectively. 

The  agreement  between  calculated  and  observed  boom  motions 
In  the  vertical  plane  (pitch  amplitude)  is  quite  good.  However, 
observed  yaw  amplitudes  are  roughly  twice  as  large  as  those  cal¬ 
culated  for  the  horizontal  plane.  Two  Important  factors  help 
to  explain  the  apparent  disparity  in  the  relative  agreement  be¬ 
tween  measurements  and  calculations  in  these  two  planes.  First, 
waterplane  area  hes  a  large  effect  on  motions  in  the  vertical 
plane  but  virtually  no  effect  in  the  horizontal  plane.  The 
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waterplane  acts  like  a  spring  in  the  vertical  direction  and 
tends  to  force  the  boom  to  follow  the  contour  of  the  passing 
wavetraln.  In  fact,  the  waterplane  can  dominate  all  other 
factors  in  the  vertical  plane.  Hence,  "limber"  booms,  regardless 
of  other  design  details, tend  to  identically  contour  the  sea.  In 
the  horizontal  plane,  on  the  other  hand,  factors  such  as  virtual 
mass,  damping  and  tension  tend  to  have  a  relatively  larger 
bearing  on  boom  response  to  waves.  Second,  and  perhaps  more 
Important,  the  assumption  that  the  behavior  of  a  section  of  an 
oil  boom  can  be  approximated  with  an  element  in  a  straight  and 
infinitely  long  (one-dimensional)  boom  loses  validity  in  the 
horizontal  plane.  The  oil  boom  model,  under  tow,  exhibited  a 
characteristic  U-shaped  geometry  in  the  horizontal  plane  whereas 
in  the  vertical  plane  the  boom  is,  indeed, a  straight-line  (in 
calm  water).  In  light  of  these  two  factors, it  is  not  surprising 
that  agreement  between  the  model  tests  and  calculations  was 
better  in  the  vertical  plane  than  in  the  horizontal  plane. 

Statistical  values  of  boom  height  relative  to  the  wave 
height  (Immersion)  were  also  calculated  for  a  boom  with  param¬ 
eters  corresponding  to  those  of  model  "A".  These  results  indi¬ 
cate  that  this  design  would  never  become  immersed.  Model  ob¬ 
servations,  on  the  other  hand,  showed  some  immersion  in  Sea 
State  A  and  fraqucnt  cases  In  Sea  State  3  where  a  wave  crest 
would  pass  over  sections  of  the  boom.  This  analytical  method 
does  not  account  for  the  effects  of  boom  curvature  and  "choppy" 
or  breaking  waves  on  boom  Immersion  which  may  be  important  con¬ 
siderations  for  oil  containment. 
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5.  SUGGESTED  METHOD  OP  USING  COMPUTED 
DATA  IN  APPENDICES  A  AND  B 

The  data  In  Appendices  A  and  B  are  In  dimensional  form. 

The  Input  parameters  were  chosen  with  the  U.  S.  Coast  Guard  to 
have  a  range  that  would  be  useful  In  assessing  boom  designs  that 
are  currently  under  development.  Thus,  booms  with  dimensional 
parameters  similar  to  those  used  to  generate  the  data  may  be 
treated  directly.  However,  booms  having  grossly  different  sizes 
may  also  be  treated  If  their  non-dimensional  characteristics 
compare  with  the  corresponding  non-dimensional  input  parameters 
(see  Equations  fr) through  (11 ) and  Table  3).  In  this  case,  the 
computer  output  data  must  also  be  treated  non-dlmensionally  to 
obtuin  the  proper  scale  factors. 

To  illustrate  a  method  of  using  the  computed  data,  an 
example  problem  Is  presented  In  the  following  paragraphs. 

GIVEN;  A  boom  with  the  same  characteristics  as  con¬ 
figuration  X  (see  Table  A-l)  in  a  4o-knot  wind,  1-knot  current 
and  10-foot  waves;  total  length  >  100  feet  between  two  moorings 
spa(5ed  80  feet  apart  and  oriented  90-degree8  to  the  wind,  cur¬ 
rent  and  waves;  Young's  modulus  of  boom  cylinder  material,  E  > 
1000  psi. 

FIND;  Average  mooring  loads,  average  stress  due  to 
bending  at  the  middle  of  the  boom,  average  roll  angle  of  the 
skirt  at  the  middle,  maximum  expected  stresses  induced  by  waves, 
significant  sway  amplitude,  and  maximum  relative  submergence. 


[?ICS,  Incorporated 


-35- 


ANALYSIS : 


(l)  The  results  of  the  model  test  drag  data  suggest 
|:he  drag  in  waves  can  be  estimated  from  the  calm  water  drag 
Ited  by  a  factor  which  accounts  for  the  effect  of  orbital 


[ties: 


I)  =  D 
w  o 


1  +  c 


Hi  CO 

T  max 


(14) 


w 


w 


«  drag  in  waves,  lb 


=  drag  in  calm  water,  lb 


u> 


max 


w 


empirical  constant  »  0.42 


frequency  of  maximum  wave  energy,  rad-sec"^. 


current,  ft-sec 


l^jier  way  of  looking  at  Equation  (l4) is  that  the  term 

(if!  cHi  is  an  effective  current  ■  so  that 

■j  max  e 


/V 


D-D 
w  o 


e 


(15) 


pfiia  problem,  >  10  ft  and: 
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Thus, 

V  =  (1)1.689  +  0.42  (10. )0.71 

=  1.689  +  2.96  =  4.65  ft-sec"^ 

=2.75  knots 

No  data  are  available  at  2.75  knot  current;  howeverj  the  values 
at  2  knots  may  be  extrapolated  using  the  ratio  (2.75/2)®  =  I.89. 
The  tension  at  the  ends  of  the  boom  for  2  knots  (from  Test  No. 
X-0-2-90  Appendix  A)  Is  3420  lb.  Thus,  tension  due  to  a  2.75 
knot  current  in  10-ft.  waves  is: 

1.89  (3^20)  »  6450  lb. 

Now,  add  to  this  the  tension  due  to  4o  knot  wind  (Test  No. 
X-40-0-90)  •  170  lb.  to  get;  average  mooring  load  -  6620  lbs. 

(2)  The  steady  state  bending  moment  for  this  mooring 
condition  is  seen  to  be  Independent  of  wind  and  current.  M  -  20 
ft-lb  at  the  middle  of  the  boom.  The  fiber  stress  due  to  bending 
in  the  2-ft.  diameter  cylinder  is  given  by 

-  M  EMc  .  ... 

®  "  z  "  “"Si  * 

where 

c  •  distance  from  neutral  axis  to  the  outermost 
fiber,  in. 

Z  «  section  modulus,  in^. 
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Thus, 


10^(20»12)12 

10= 


-  29  psi 

Note  that  In  this  boom  design,  tensile  loads  are  supported  by 
a  cable  at  the  bottom  of  the  skirt. 


(3)  If  we  assume  that  roll  angle  varies  linearly 
with  drag,  the  average  roll  angle  at  the  middle  of  the  boom  can 
be  found  using  a  method  analogous  to  part  1.,  l.e.. 


e  =  1.89  (27.5)  +  3.2 
*  55  degrees 

(At  the  ends,  the  average  roll  angle  decreases  to  about  22 
degrees ) . 

(4)  Prom  the  planvlew  of  the  boom  in  Appendix  A  we 
might  assume  that  the  most  severe  bending  due  to  waves  will 
occur  near  the  ends  of  the  boom.  Hence,  choose  45  degrees  as 
the  heading  angle  for  dynamic  data  in  Appendix  B.  The  average 
tension  (6600  lb)  is  outside  the  range  given  in  the  tables,  so 
extrapolation  must  be  used.  The  following  table  lists  the 
parameters  of  interest  taken  from  Appendix  B. 
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Heading 

Angle, 

Tension, 

Max.  Bending  Mom. 
ft-lb 

Max. 

Immersion 

Sway 

ft. 

Page 

deg. 

lb. 

Vertical 

Horizontal 

ft. 

B-176 

30 

0 

80.5 

72.5 

0.28 

2.49 

B-177 

30 

2000 

28.7 

53.3 

0.91 

2.50 

B-178 

30 

4000 

19.0 

43.0 

1.25 

2.51 

B-179 

60 

0 

38.7 

62.3 

0.26 

4.31 

B-180 

60 

2000 

20.6 

45.5 

0.49 

4.32 

B-181 

60 

4000 

13.1 

37.3 

0.74 

4.33 

Extrap¬ 

olated 

45 

6600 

11.0 

23.0 

1.25 

3.41 

Note;  The  extrapolated  values  In  this  table  were  obtained 
by  first  interpolating  between  30  and  60  degrees. 


A  conservative  estimate  of  the  maximum  bending  moment  is 
obtained  by  taking  the  vector  sum  of  bending  in  the  vertical  and 
horizontal  planes; 


”max  "  V  ^^3)*  -  26  ft-lb 

Using  Equation  (l6 ), obtain  the  maximum  fiber  stress  induced  by 
waves  0  >  37  psi.  Add  this  to  the  maximum  steady  state  bending 
stress  to  find  the  maximum  expected  fiber  stress  ■  66  psi. 
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The  significant  sway  amplitude  is  3*^  feet  near  the  ends 
of  the  boom  and  5.0  feet  (page  B-I83  )  at  the  middle. 

The  maximum  immersion  is  estimated  to  be  1.25  feet.  This 
is  greater  than  the  available  freeboard  (O.87).  The  correspond¬ 
ing  root-mean-square  immersion  amplitude  is  0.33  feet.  Probability 
theory  (assuming  Gaussian  distribution.  Ref.  4)  predicts  that  a 
boom  with  this  immersion  amplitude  and  freeboard  will  be  sub¬ 
merged  at  any  given  point  less  than  0.01  percent  of  the  time. 
However,  the  model  test  data  indicates  that  the  dynamic  program 
underestimates  immersion  in  real  waves. 

6,  CONCLUSIONS  AND  RECOMMENDATIONS 

The  work  done  in  this  study  shows  the  feasibility  of  de¬ 
veloping  a  realistic  mathematical  model  to  determine  loads  and 
motions  of  an  oil  retention  boom  in  a  seaway.  This  model  should 
provide  useful  data  to  aid  in  the  design  of  oil  retention  booms. 
However,  both  the  static  and  dynamic  models  are  limited  in  their 
range  of  application  because  of  the  nature  of  assumptions  made 
in  developing  the  models. 

The  static  model  Is  the  most  general  and  Includes  the  im¬ 
portant  non-linearities.  It  Is,  however,  limited  to  booms 
which  can  be  modeled  by  a  continuous  elastic  beam.  Since  many 
proposed  boom  designs  are  composed  of  a  number  of  relatively 
rigid  segments  connected  by  limber  joints,  it  is  recommended 
that  the  static  model  be  extended  to  cover  this  type  of  boom. 
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The  lineax’lzed  dynamic  analysis'  is  the  most  severely  limited 
because  of  the  restrictive  nature  of  the  assumptions  that  were 
made.  In  particular,  it  was  assumed  that  at  any  point  on  the 
boom,  the  wave  Induced  motions  and  loads  on  the  boom  would  be 
statistically  the  same  as  those  on  an  infinitely  long,  straight 
boom  with  the  same  meaii  tension  and  orientation  to  the  sea.  It 
was  also  assumed  that  fluctuations  in  tension  from  waves  are  small 
compared  to  the  mean  tension.  The  experiments  in  this  study 
indicate  that  neither  of  these  assumptions  is  well  Justified 
and,  in  fact,  under  conditions  of  large  seas  and  little  current, 
these  assumptions  may  lead  to  considerable  error. 

The  linearized  dynamic  analysis  also  does  not  permit  changes 
in  hydrodynamic  and  hydrostatic  coefficients  which  result  from 
a  local  change  in  boom  immersion.  These  changes  are  Important 
in  determining  the  performance  of  the  boom  in  large  seas  where 
the  response  is  highly  non-linear  and  they  are  vital  under  con¬ 
ditions  where  the  boom  might  be  completely  Immersed  in  a  wave 
crest  or  lift  clear  of  a  wave  trough  -  important  factors  to 
establish,  since  either  will  permit  the  escape  of  oil.  Probably 
the  greatest  limitation  of  the  dynamic  analysis  is  that  it  pro¬ 
vides  no  information  on  fluctuations  in  tension. 

These  limits tlona  can  be  removed  by  conducting  a  dyni<mlc 
analysis  in  the  same  manner  as  the  static  analysis  is  now  done. 
This  can  be  accomplished  within  the  framework  of  the  current 
static  program.  With  this  method,  each  iteration  would  represent 
a  small  increment  )n  time,  Sufflc.'ent  iterations  would  be 
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carrled  out  to  provide  an  adequate  statistical  sample.  It  is 
recommended  that  such  an  analysis  be  carried  out  if  more  re¬ 
tailed  results  are  desired. 

The  model  tests  conducted  in  this  study  show  that  oil  boom 
behavior  in  a  seaway  can  be  realistically  simulated  in  a  towing 
tank.  The  greatest  difficulty  with  model  tests  is  perhaps  con¬ 
nected  with  the  ability  to  construct  a  model  with  the  proper 
bending  characteristics.  Analysis  of  motion  data  from  tests 
in  Irregular  waves  is  straightforward  but  very  tedious.  How¬ 
ever,  tests  may  be  conducted  in  regular  waves  to  obtain  the 
motion  response  amplitude  operators,  RAO's.  The  RAO's  may  then 
be  used  to  predict  the  statistical  motions  in  any  desired  wave 
spectrum.  Bending  moments  can  be  predicted  from  the  motions 
(curvature).  Tension  at  the  ends  of  the  boom  can  be  measured 
directly.  Stereo  photography  might  be  proposed  to  obtain  the 
heave  response  of  the  model.  It  is  suggests'  that  model  testing 
be  considered  for  further  development  and  selection  of  the 
"optimum"  oil  boom. 
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FIGURE  1  -  VIEW  OF  MODEL  SHOWING  DETAILS  OF  CONSTRUCTION 
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(DRAWING  IS  NOT 


FIGURE  2  -  MODEL  DEFINITION  SKETCH 
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b.  WAVES 


FIGURE  3  -  TYPICAL  PHOTOS  OF  OIL  BOOM 
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FIGURE  4  •  STEADY  STATE  (CALM  WATER)  OIL  ROOM  GEOMETRY  FROM  MODEL  TESTS} 
MOORING  -  FIXED,  NOMINAL  CURRENT  -  I.9Y  KNOTS 
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FIGURE  5  -  STEADY  STATE  (CAIM  WATER)  OIL  lOOra  OEOMETKY  FROM  MODEL  TESTS) 
MOORING  -  FIXED.  NOMINAL  CURR04T  •  1 .33  KNOTS 
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MOORtNO  •  PKEO,  NOMINAL  CURRENT  •  O.M  KNOH 
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PIOUItE  7  -  STEADY  STATE  (CALM  WATER)  Oil  DOOM  OEOMETIY  PROM  MOOfi  TfSTS; 


MOORINO  -  DROGUE,  NOMINAL  CURRENT  •  1.99  KNOTS 
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PIOURC  •  •  STEADY  STATE  (CAIM  WATER)  Oil  ROOM  OEOMETIY  PROM  MODEL  TESTS; 
MOORmO  •  DROGUE,  NOMINAL  CURR041  -  M3  KNOTS 
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FIGURE  22  -  COMPARISON  OF  CALCULATED  AND  OBSERVED  PITCH  MOTION  IN  IRREGULAR  WAVES 
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FIGURE  23  -  COMPARISON  OF  CALCULATED  AND  OBSERVED  YAW 
MOTIONS  IN  IRREGULAR  WAVES 
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APPENDIX  A 
STATIC  OUTPUT 

Oil  boom  configuration  parameters  for  input  to  the  static 
program  were  selected  with  representatives  of  the  U.  S.  Coast 
Guard.  Twelve  sets  of  oil  boom  physical  characteristics  were 
chosen  and  are  summarized  In  Table  A-1. 

Pour  mooring  conditions  were  investigated  for  each  con¬ 
figuration.  In  each,  a  100-foot  (L  =  lOO)  length  of  boom  is 
fix-moored  between  moorings  spaced  80  feet  apart.  The  moorings 
are  oriented  at  0,  30,  6o  and  90  degrees  to  the  direction  of 
wind  and  current.  The  mooring  angle  is  defined  as  that  between 
the  wind  and  current  axis  and  a  straight-line  between  the  two 
mooring  points. 

Eight  combinations  of  wind  and  current  were  investigated 
for  each  configuration  and  mooiing  orientation.  These  are 
summarized  in  Table  A-2. 

The  computed  calm  water  data  is  presented  in  graphic  form 
in  figures  which  follow.  Each  figure  has  a  coded  title  which 
identifies  the  input  parameters.  For  example,  "TEST  NO. 
17-29-2-60"  corresponds  to  Configuration  IV,  Wind  -  29  l<nots, 
Current  ■  2  knots,  and  Mooring  Orientation  »  60  degrees, 
respectively. 


Wind 

Current 

Configurations 

''o' 

knots 

knots 

I,  II,  V,  VI,  VII 

0 

2 

and  VIII 

15 

0 

17 

0  and  2 

20 

2 

22 

0  and  2 

40 

0 

0 

2 

III,  IV,  IX,  X, 

20 

2 

XI  and  XII 

22 

0  and  2 

26 

2 

29 

0  and  2 

40 

0 
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The  steady  state  boom  geometry  is  shown  In  plan  view 
(labelled  profile).  The  X  axis  is  parallel  and  the  Y  axis  Is 
normal  to  the  wind  and  current  direction.  X  and  Y  are  non- 
dlmenslonallzed  by  the  boom  length,  L. 

The  force,  moment  and  curvature  are  plotted  as  a  function 
of  X,  the  length  measured  along  the  boom  axis  (not  the  same  > 
as  in  the  plan  view).  The  length  is  non-dlmenslonallzed  by  the 
total  boom  length,  L.  The  points  X/L  =0.0  and  1.0  are  at  the 
ends  of  the  boom  where  the  former  is  the  end  which  corresponds 
to  the  mooring  at  the  origin  in  the  plan  view. 

Three  different  lines  are  used  to  delineate  forces,  moments 
and  curvatures  along  the  boom  in  three  directions: 


TABLE  A-3 


^  D^ectlon 

Variable 

Axial 

Normal 

Tangential 

Force 

Tension  (T) 

N-shear  (SN) 

T-shear  (ST) 

Moment 

Torque  (Q) 

T-moment 

(MT) 

N-moment 

(MN) 

Curva ture 

Theta* 

D-beta 

D-phl 

(e) 

(AjS) 

(^♦) 

Note:  Theta  is  roll  angle  and  not  a  curvature. 

These  directions  and  variables  are  shown  in  Figures  C-1 
through  C-3. 
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Each  variable  has  been  divided  by  its  absolute  maximum 
value  (along  the  boom)  so  that  the  ordinates  of  the  plots  vary 
only  from  -1.0  to  +1.0.  For  example,  in  Test  No.  I-0-2-0 
tension  is  divided  by  0.31^0  E  05.  This  corresponds  to  the 
ordinate  of  -1.0  at  X/L  w  0.5.  Thus,  the  (absolute)  maximum 
tension  is  -0.31^  x  10  near  the  middle  of  the  boom,  l.e., 

31,400  pounds  in  compression. 

Each  figure  does  not  Include  all  of  the  variables  listed 
in  Table  A-3.  Those  variables  which  have  zero  or  Inconsequential 
values  are  generally  not  Included. 

In  all  cases  the  boom  was  represented  by  10  elements  and 
the  loads  and  positions  were  calculated  at  the  Junction  between 
each  element  and  at  the  boom  ends.  In  cases  where  the  mooring 
angle  is  small  the  computer  plots  appear  kinked  at  the  down¬ 
stream  end.  This  is  because  the  computer  drawn  plots  are 
generated  by  simply  drawing  straight-lines  between  the  computer 
points.  To  obtain  intermediate  values  in  these  cases  it  is 
Justified  to  fair  a  smooth  curve  through  the  computed  points. 

Some  difficulty  was  encountered  In  obtaining  a  convergent 
solution  for  the  most  limber  booms  at  a  mooring  angle  of  zero. 

The  resulting  data  for  these  cases  is  somewhat  less  accurate 
than  forthe  other  mooring  angles.  However,  these  data  still 
provide  the  correct  level  of  loading  and  should  be  satisfactory 
for  structural  estimates. 
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IP 


f 


..  *:  ♦.  =. 


(’l  I  I  I  I  I  1  i  i  I  1  4  .  1  .4  <  11 

0.1  041  0.1  M  0.9  04  (.2  04  M  t.t 

r/L- 

>  ■Oigieiuoi'tiJhM  no 


o(  »t.jL  I  4  114  «=  I  .1  «  i  I  I  1  I  -l.tA  J 

t  I  0.1  «41  •.}  M  1.9  0.0  tJ  04  M  14 


il 


V/L 


HvoBoimuncs,MC 


rt  «T  VO.  'V  0  •  ?  **0 


<4»QM)MjrK»,l*C 
14  . 


» 

i- 

li 


"  M*  41- 

jv  M-'  i  ■'  % 


1.0 


0.0 


-1.0  L 


J _ I - 1. U  -I _ L — I _ l—J.  ^-.'1  1.  1  ^  I  X  .1  t 


0.1  0.2  0.3  0..il.''  P.i  0.0  0.2  0.6  0.^ 


i  I 

1.1 


t3ii*dN^,232at  a  N-9cne/ij.uiot'n 


1.0 


-1.0 


o.oUi.tl..t.  i..i  j  .1  I  .1  .. ji  j.  j _ I 

0.1  0.3  0.3  O.l  0.3  0.0  0.2  0.0  0,6 

X/L 


I'.-  4 

I.! 


t  .iKintN1'0.2030C  C7 


1.0 


5 


0.0 


•1.0 


.CLx. 


a _ I _ t.iil  ,.  I - L  _ L _ t  _J _ I _ .1  .1 


0.1  24  0.3  0.0  0.3  C.0  0.2  0.0  0.9 

X/L 


I .  » 

1.: 


D<M120.2IS«C  01 


«■  9.1  7  ■  r  -■ 

..  .  Ht»m 


14. 


3, 


14 


.  0.1  04  0.1  04. ’‘‘04  0.0  04  04  0.9  1.5 


14 


M 


3 

U  U 


:  t":.— -4. .-4  - ■■ — t  11  -4  1  -.4  =--0. 

0.1  tu  «.}  M  44  14  M  14  1.9  M 

X1I. 


.:wioaco'*iiL 


MVDBimV11£S,9C 


Y/L 


HVDRONRUT!L?,INC 


PROFILE 


TEST  MO.  IV  -  2  -  90 


u  0.0  _ I _ I - 1 _ I _ I _ U_.J _ _ i _ I _ J _ 1 

g  0.1  0.2  0.3’  OJ.'^’O.S'  O.b  0.?  '  0.8 

- - -  X/L 

-1.0 _ -• — . - 

TENSION/0.?35Gt  03  N-SHLHR/O.MIOE  05 


I _ i _ I _ L _ L._L— 1  —I--  J 


T-ll)OmENT/0.2030t  0? 


0.1  0.2  0.3  O.l  0.3  0.6  0.2  0.8  0.9 

X/L 

D-PHI/0,2e39E-01 

_ _ JIORmiiL 

.  ,  .  ,  TfiN'CfjTjrii 


HVDRONHUTICS.INC 


i 


5  ■ 

!3  0.0  ._i 


0.1  0.2  0  3  OJ.-^  0,9  0,6  0,2  0.8  0,9 

X/L 


•1.0  L. 

TENSI0N20.28«I£  03  N-SMERR/0.6090t  09 


T-fnOfflENT/0.2030E  0? 


_L_J _ L_.l — I _ J._l _ L  _ 1 I _ I _ L I _ I _ l_ 

0.1  0.2  0.3  D.4  ols  0.8  0.2  0.6  0.9 

X/L 


PROFILE 


TEST  NO.  IV  ■  40  -  0  ■  90 


D-PH1/0.2699C-01 

_ _ .„.JI0R(I1flt 

.._._._.„TflNOENTtflL 


V/L 


HVDPONflUTICS.INC 


TEST  NO.  V'  -  0  -  2  -  0 


1.0 


-1.0 


_ ■  L. 

I  0.1  0.2 


THETfl/0.321i£  02 


I  '  • _ 

IVDRONflUTICS.INC 


1.0 

0.6 


0.6 


I 


J _ I _ I _ 1_ 

0.1  0.2 


•1.0 


fENSION/0.6200E  03 


TENSION/a.6260e  03 


HVDRONfiUTr.S.INC 

1.0 

1.0 

r— 

0.6 

3 

"  C 

0.0 

8 

0.1 

0.2 

0.6 

C 

•1.0 

■ 

u- 

reNSION/O.tlMOC  02 

T  .nonCNT/D.JHK  02 


PROFILE 

TEST  NO.  V  •  22  ■  0  ■  0 


7.1  0.2  0.3  O.M  0.)  0.0  0.2  0.1  0.9 

X/L 


CTfl/0.219X  ■ 


0  PHt/P.NMt  Oi 

._.... — Mxm. 

...... _._..T«MiU(nAL 


V/L 


V/L 


HVaKIMUTiCS,IM: 


HE  0.1  14  1.3  M  0.3 

0»— 44  0.0  0.0 

i  i  r 

‘s.. 

•1.0 

ftCTM.S3Ue« 

C-fl«4.MK4t 

PROFILE 

-...-..-.MOL 

V  •  22  ■  2  •  30 

JMCCMTI^ 

M  M  U  i  u  M  M 

XA.  1 


V/L 


HVDRONflUTICS.INC 


tf:st  no.  V  -  n  -  2  -  9n 


.-flXWL 


HVDR0NriUTIC'5,!NC 


1.0 


5 


a  0.0 

§ 


-1.0  L 


J _ I _ 1 _ I _ 1 _ I _ L _ L- 


— 1_.  1  J 


0.1  0.2  0.3  0.4  O.S  C.b  0.2  0.3  0.9  l.( 

^/L 


'ENSION/0.36eOE  04 


1.0 , 


— 


.X 


\ 

'<N 


p  0.0  ^ _ L _ t - l_J _ I _ L _ I - L-^ri _ I _ I _ I  I  1 _ I  I  I  ^ 

i  P'-  ii.i  0.2  0.3  0.4  ^'n.i  c.h  n.?  o.s  r.a  i.r 


.  d.l  0.2  0.3  0.4..''  0.9  C.b  0.2  0.3  0.9  l.( 

h  \  X/L 

T-mO(nENT/0.8130E  01 


•1.0  L 

TORQUE/0.3i68E  01 


•/I 


ifp-iT  NO.  V  •  I'i  2  ■  90 


..-.-.-.-WlAL 

_ _ NORflWL 

—.-.—.TRNOtiVriflL 


V/L 


HVORONflUTICS.INC 


1.0 

? 

t 

in  0.0 


•1.0 


- 

y' 

IJ _ I _ I _ I _ L. 


I  >-^1 _ I _ I _ I _ I _ I _ L_J _ L 


P,  0.1  0.2  0.3  0.tix'‘'0.5  0.()  0.?  0.»  0.9 

X 

’'OBOUE/O.iaOC  1)1  T  •fT'OffENT/O.OlOOC  01 


TEST  NO.  V  •  1?  •  2  ■  90 


.-.-.-.-.TPNOtNTr.lL 


Y/L 


HYUkUNHU'IICb.lNC 


l.D 


9 

0.0 


■  J _ 1 _ 1 _ 1 _ L._l _ U- X,..J _ I _ L.,  1  I.  J.._  L  ._L.  1  J  1 


0.1  0.2  0.3  O.ii  0.9  O.fi  0.2  O.o  0.9  1.0 

X/L 


■1.0  L 

te:nsion/o.2?ooc  04 


1.0 


-1.0  L 


in  0.0  _ I _ I _ I _ I _ I _ I _ I _ l-yla 

5  N.  n.i  a.i  0.3  n.u  o  > 


-^l  I  I _ I _ L- . 


0.1  0.2  0.3  0.4  x'"  0.3  0.6  0.2  0.8  0.9  1.0 

h  \  ..  >^/L 


TORQUE/0.3290C  01 

1.0  .. 


T-moniENT/0.6190!U)l 


0.0 


-1.0 


J _ I _ I _ I _ I _ I _ L. 


J _ l_J _ I _ l_ 


_l__l _ L. 


0.1  0.2  0.3  0.4  C.9  C.b  '  ’  C.8  C.9  1.! 


TH£Tfl/0.3192E  02 


0-PHl/0.2280t-01 


TFST  MO.  V  -  22  •  2  -  *<0 

4V0R0N«1UTICS,INC 


_ _ ._NORfnflL 

._._._._,TPNC'NTIP!. 


1.0 


0.0 


■1.0 


‘  ‘  I _ 1  I  I  1. 


>-  I  I  I  1  I  I _ 1 _ l__l 


0.1  0.2  0.3  0.4  0.9  0.6  9.2  0.6  0.9  1.0 

X/L 


^0N20.t360e  03 


1.0 


9 


.|.0 


\ 


1*  0.0  K  ‘  ‘  ■  ‘  ‘  ‘  ‘  ‘  ‘  \  ‘  ‘  ‘  * — I _ I _ I  I 


1.. 

0.1  0.2  0.3  0.4  0.r*  0.6  0.2  0.6  0.9  /1.0 

_ _ _ _ 

T0BOUC/O.2ll0C4t  T.i!imNT20.6400C  Ot 


0.41- 

4.61- 

■O.ll 


■1.0  1- 


PROFILE 


TEST  NO.  V  ■  C  •  0  ■  SO 


Y/L 


profile 


W.  V!  •  2?  •  2  •  C 


woMMnuric$.nc 


>4yORONRUTtCS,ItC 


HVDRONflUTICS.INC 

1.0 

1.0 

0.8 

1 

"  oT 

0.0 

lilt 

0.6 

\  § 
\ 

0.1  0.2 

1 

-1.0 

fcNsiON/o.ailoe  02 

TOROUe/0.12gil£  00 


T-IT)OnflENT/0.1140£  02 


k — 


PROFILE 

TEST  NO.  VI  -  1?  -  0  -  60 


O.t  0.2  0.3  0.4  0.0  0.6  0.2  0.8  0.9 

X/L 


TH£Tfl/0,7219C  00 


0  PHI/0.3999E-01 
-.PXIflL 

_ _  NOUmPL 

TANGENTIRL 


HVCKONflUTICS.mC 

1.0  r 


0.1  0.2  0.3  0.4  0.9  0.6  0.2  0.8  0.9 

X/L 

TJN/0.2260i.  04 


/0.609C  01 


T-nncNT/o.ioooe « 


'  PROFILE 

TEST  NO.  VI  •  1?  ■  2  •  60 


0.1  0.a  «.J  0.4  0.)  0.1  0.2  0.1  0.0 

X/L 


CTA/0.iaflC0i 


0  PM/o.302ae-oi 

t—.—OOlWL 


V/L 


HVDRONflUTICS.INC 
UO  - 


l.O  _ _ 

3  - 

i3  0.0 _ I _ i _ I _ I _ 1 _ I _ I _ I _ I _ I _ I _ L__a _ I _ I _ _ L-.j. _ 1 

N  0.1  0.2  0.3  0.4  0.5  0.6  0.^  0.6  0.9  1. 

^  -  X/L 

1.0  - 

TENSION/0.2290E  04 


0.2  0.4  0.6  0.8  1.0 


uf  0.0  ..jTr!J*.*T*T  j _ I _ I _ L_j j — I _ 1.  ._i.Aij:=j,^-i  I  -1-"^; 

g  0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.^,  0.9  A. 

I  -  \ 


TORQUe/0.6ia)£  01 


v 

T-innniENT/0.104DE  02 


'  PROFILE 

TFST  NO.  VI  -  3n  -  ?  •  6n 


-  _  ^  _ 

1  1  1  1  1  1 

1  1  1  1  1  1 

0.1  0.2 

0.3  0.4  0.5 

0.6  0.7  0.8 

- 

X/L 

■H£Tfl/0.323?E  02 

D  PHI/0.3S99E-0i 

.1.  .  I  I 


-AXIAL 
— .-JHORUML 
.  ....  .  ..rnNcrNTini 


HVCRONAUTICS.INC 

1.0  r 


0.2  0.4  0.8  0.0  1.3 

X/L 


0.1  0.2  0.3  0.4  O.S  0.8  0.7  O.i  0.9  1. 

X/L 

'  WoNAI.moe  02 


T-(TIO(tlENT/0.10>iOC  02 


-B.it 


_ _ 

TEST  NO.  VI  •  22  -  2  -  60  _  .  .TutccNTiq. 


MVOROM)unCS,lNC 


V/L 


HVDRONRUTICS.INC 

r.o 

p, 

1.0 

3 

_ 

'  0.8 

"  (Ti 

;  0.0 

_J _ L  _  1  i  _ 

1 

0.1  0.2 

0^6 

L. 

-1.0 

rtNSiON/o.Tseoe  03 

profile: 

TEST  NO.  VII  •  22  -  2  •  0 


1 

( 

■0.6 

^  • 

P 

T-mOIDENT/O.SBSOE  02 


0,1  0.2  0.2  0.4  O.S  0.6  0.2  'v^O.6  0.9 

X/L  V. 

■1.0  . 

WTAA).22^  02  D  -PHI/O.aOslSe  -01 

. . . . ,.T»#ICfNTl«. 


Y/L 


HVORONRUTICS.INC 

1.0 

^  1.0 

3. 

0.8 

g  0.0 

1  1  t  i 

0.1  0.2 

0.6 

U 

. 

- 

-l.O 

tNSION/0.9220E  03 

PROFILE 
TEST  NO,  VII  ■  0  ■  7  -30 


'  PROFILE 

TEST  NO.  Vll  •  15  2  •  30 


TORaUE/a.l290E  02 


T  m)mt:NT/0.2530E  02 


"  f  0.1  0.2  *  o.‘3  o.?  o.s  0.9 

d  I-  ""  \ 

•1.0 

nCTAiH.UeOC  02  D  -  PM/0.2Mk  -01 

-.-.-.—.JWIflL 


Wc/0.I1MC02 


02 


•7^  U  M  M 
X/L 


I.UIC  « 


isdj.  iiji  I  I  I _ L_j-  j 

u  0.1  0.1 
omA.fiirir*'' 


HVORONRUTICS.INC 


Tf:ST  NO.  VII  •  1?  •  0  -  60 


HVO«(miTIC3,INC 


1.0 


3 

Q  0.0 


-i.O  L 


Jl _ I _ I _ I _ 1 _ I _ I _ I _ I _ I  I  I 


J _ I  I  I _ 1 


0.1  0.2  0.3  0.4  0.3  0.6  0.^  0.8  0.9  1.0 

X/L 


TEMS!ON/0.3930E  02 


.TflNCfMtfl! 


1.0 


0.0 


1.0 


>  I  ‘  ■  I _ ‘111* _ '  ■  ■  *  ‘  ‘  ‘  ■ 


0.1  0.a  0.3  0.4  0.S  0.6  0.7  0.8  0.0  1.0 

X/L 


TtNSION/O.I4IOC  04 


TEST  NO.  Vll  ■  I?  ■  2  •  6C 


W*' 


V/L 


TEST  NO.  vn  •  22  •  2  •  80 


•MmHurics.K 


.-.wepm 


y/L 


HVOBOWfiUTICS.INC 


1.0  - 


9 


0.0  j-.-L-J...  I  .1  .1 _ I  -LI  I 


I  I  I  I  I  I  I  I  I  I 

0.1  0.2  0.3  0.4  0.9  O.fi  0.2  0.8  0.9  1.9 


TCNSION/O.I460e  04 


1.0  .• 


S'-"  It 


-1.9 


- 

y' 

J _ L _ 


■n\ 


__1  I  .  t  .  .1.  I  .  I  i  1  '^1 

,  0.1  0.2  0.3  ,  0:4"  0.:  0.0  0.2  0.8  0.9  i.o 

\  ■  /  ' - -  ,S/L 


Tcsoic/c.ssix  m 


-.luniDiT/o.oooot  .4 


Tf<;T  WQ.  W|l  0  ■  ?  •  % 

«4e»c«WTtcs,wc 


. . tasM*. 

_ _ 


1.0  _ 


0.9 


■).9 


j— t  -  .1—1  u  -t ,  i  t  I  .1  I 

0.1  0.1  0.J  9.<t  0.9  9.0  0.2  9.0  0.9  !.9 

H/L 

ftiMON/t.naK  M 


-</L 


I.S 


;;♦*♦*=*»  ♦* 


.91  »--»•*> 


* 

„*--y 


1.1  1.1  M  1.9  U  M  I.S 


1.0 

•*  ? 


W>Of  Ji£ 

nt.  -’15  i 


I  I  J  .  4  i.  1=1  ..0  I  I  wo.  4  4=.4  4  I  I  I 

M  M  •.}  0.4  0.9  tiJb  iJ  9.1  0.9  I.) 

SUl 

. . ’“9  il 


....... 


V/L 


HVORONflUTICS.INC 


1.0  I - 


•1.9 


5 

S  0.0  I _ 1 _ L. 


-.  -I - 1 - ...i  . 


L  .  L._  U_l 


0.1  0.2  O.J  O.M  0.3  0.t>  0.2  0.8  0.9  1.! 

X/L 


TCNS10N/0.«^t  02 


1.0 


0.9 


-1.0 


\ 


J - 1.  1  - 1..  L  .-I  L  I  I  1.  1  1  I.  J.  ,  J  '.j 

0.1  0.2  0.3  0.1  0,1-  0.8  0.7  0.3  0.9  '1.! 

X/l.  ^ 


Tomue/o.!3«x-oi 


. . / 

T-iiiblncKT/a.aoooc  oi 


TEST  NP,  wn  •  1?  ■  0  -  % 
MVOMWi/ncn.iNC 


.-jomMi. 

,.„.TP«Krir!<». 


t.O 


-1.0 


0.9  t  I  „,l  I  1  I  I  )  1  I  J„  L  I  i  l  ,  L  I  1  ,i 

li.l  0.2  0.)  0.4  0.0  S.8  0.7  0.0  0.9  1.9 

X/L 


nt6!CN/O.I9iOC  04 


1.0 


■1.9 


t9.9  L’a  .  Jl..  t.  1  A.  J=  J  J  i  i  =  A*S* 

0.1  «4,^^0.>^^»»r<(  ^0.9  0.0  0.7  0.1  0.0  1.9 


tooM'S.oMr  01 


T  ino(n(i(r/o.«(ioi « 


Tf  *iT  I«J.  Vll  2  90 


Y/L  I  '  . 


HVDRONnUTICS,INC 


».0 - - 


3 


o.t  a.2  0.3 


TENSION/O.ISMOC  OV 


_1 — I — I — I — 1 — 1  -L  J. . i.  .J— .i.  ,  1 

0.4  O.S  O.ii  0.^  0.8  0.9 

X/L 


0.2  0.4  0.6  0.8  S.O 

X/L 


t  /• 

«  0.0  klJ _ I _ I _ U-J _ L_ 

s  \  0.1  0.2  0.3 

I  ■  \ 

®  -1.0 

TanUE/0.S92K  01 


■  •  V 


•tci"  O.S  0.6  0.?  0.1  0.9 

X/L 

T-flKlirENT/0.8020C  Ot 


PROriLE 


0.1  0.2  0.3 


ETR/0.6303E  02 


0.4  0.3  0.6  0.2  0.8  0.9  1.0 

X/L 


0-PMI/0.260(C -01 


TfST  MO.  VII  •  2?  •  2  -  % 


_ _ .-NtHaWIL 


IKMnuTICS.INC 


n  ^1-  _  _ 

I  I*  0.1  0. 


LwnjM/o.i 


0.2  0.3  0.4  0.3  0.6  0.2  0.8  0.9 

X/L 


0.2  0.4  0.6  0.6  1.0 

X/L 


0.1  0.8  0.3 


C/0.20901-01 


0.4  0.9.  0.6  0.2  0.9  0.0  , 

X/L\  _ /• 

T-RianCNT/0.9430e  01 


I  u 


0.1  0.2  0.3  0.4  0.3  0.6  0.2  0.9  0.0 

X/L 


PROFILE 


rEST  NO.  VII  ■  ■  0  ■  bO 


0.0O29CO0 


O-PMI/0.203IC-0I 

_ _ .-JBSfllflL 

_ _ TflNOCNTIfit. 


V/L  I  Y/L 


HYORONflUTiCS.lNC 


0.i  0.2  0.3  O.ii  0.)  O.b  0.2  O.o  0.9 

X/L 


TCNSKM/0.1320C  02 


PROFILE 


TEST  NO.  VIII  -  1?  ■  0  •  0 


0.1  0.2  0.)  O.t  C.J  O.b  0.2  O.b  0.9 

X/L 

T-(n0inENT/0.%9K  02 


yy 


T.l  0.2  0.3  0.4  0.0  O.b  0.2  O.S  0.9 

X/L 


r.TRAI.02«2e  0) 


D-PHI/0.3900C01 

_ lom. 

_ _ .-..TqNCfVrWL 


eoNAuncs.iNc 


0.1  0.2  0.3  0.4  0.0  o.b  0.2  0.0  0.9 

X/L 

tN9tON/0.2)OOC  0) 


0.1  0.2  0.)  0.4  0.0  O.b  0.2  0.0  0.9 

X/L 

T.inonCNT/0.]l9(X  02 


— t.— ■ _ I _ 1  ■  ■ 

0.1  ._0.2— ^^“To  0.b  0.2  0.1  0.9 

X/L 


PROFILE 


TEST  NO.  VIII  -  1?  •  2  •  0 


CTnAl.b029r  02 


0  PH|/0.)49IC-0I 

_ ...-JtORflML 

-..-.-.-..TRNGCNTIRL 


Y/L 


HVORONflUnCS.INC 

1*0  r~ 


J  ■ 

'  S.3  _ I _ I — I _ L. 

{  8.1  1^ 

foetaut.mK  n 
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